Whereas humanized mouse models have contributed significantly to human immunology research, human T cells developing in mouse thymic environment fail to demonstrate HLA-restricted function. To achieve HLA-restricted human immune response, we created an immune-compromised non-obese diabetic/SCID/IL2rg null strain (NSG) with homozygous expression of HLA class I heavy chain and light chain (NSG-HLA-A2/HHD). Transplantation of purified Lin−CD34+ CD38− human hematopoietic stem cells into NSG-HLA-A2/HHD newborns resulted in the development of human CD4+ and CD8+ TCRαβ+ T cells and CD4−CD8− and CD8+ TCRγδ+ cells in recipient bone marrow and spleen. Human cytotoxic T lymphocytes (CTLs) become functionally mature, as evidenced by the production of granzyme corresponding to phenotypic transition from naïve to effector memory CTLs. In these recipients, human Th17 cells developed along with Th1 and Th2 cells. Epstein-Barr virus (EBV) infection in the humanized NSG-HLA-A2/HHD recipients resulted in the formation of lymphoproliferative lesions consisting mainly of human B cells with scattered human T cells. Human CTLs developing in the recipients recognized EBV-derived peptides in an HLArestricted manner and exerted HLA-restricted cytotoxicity against EBV-infected human B cells. The HLA-expressing humanized mouse with functional HLA-restricted T cells and consistent representation of rare T-cell subsets overcomes a major constraint in human immunology, and serves as a useful model for investigation of human immune responses against pathogens and for the development of therapeutic strategies against human diseases.
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human immunology | T-cell development | HLA restriction | Epstein-Barr virus T he humanized mouse with reconstituted human hematopoietic and immune cells is a powerful tool for investigation of human biological systems and for translational research (1, 2) . Humanized mice enable direct access into the dynamics of the human immunohematopoietic system in mice. The non-obese diabetic severe combined immunodeficiency (NOD/SCID) mouse repopulating assay has long been a gold standard for evaluating human hematopoiesis and immune reconstitution (3) . However, this assay is associated with two major constraints. First, human hematopoietic engraftment is not sufficiently robust to evaluate in detail the development of a full spectrum of human immune subsets. Second, human T and B cells developing in NOD/SCID recipients do not become functionally mature. To overcome these limitations, two strains of NOD/SCID mice homozygous for targeted mutations at the Il2rg locus were generated: the NOD/SCID/IL2rγc null (NOG) strain carrying a truncated mutation (4, 5) and the NOD/SCID/IL2rγ null (NSG) strain with a complete null mutation (6, 7) . The transplantation of human hematopoietic stem cells (HSCs) into newborn NSG recipients greatly improved the engraftment efficiency of human hematopoietic cells (7) . Humanized NSG and NOG recipients at least partially supported the maturation of human T and B cells, as evidenced by the development of Ig-producing human B cells as well as human CD4+ and CD8+ T cells in secondary lymphoid organs (5, 7, 8) . NSG and NOG recipients also proved to be highly efficient in the engraftment and recapitulation of human diseases such as acute myeloid leukemia (9, 10) . In addition, Manz and colleagues described the reconstitution of human acquired and innate immunity in Rag2 (11) . However, these mice do not express HLA molecules on thymic epithelial cells. Therefore, human T cells developing in NSG humanized mice lack the ability to recognize antigens in an HLA-restricted manner, precluding the investigation of human cytotoxic T lymphocyte (CTL) response against human infectious diseases and malignancies.
Here we report the development of the NSG-HLA-A2/HHD strain, an immunodeficient strain with humanized immune microenvironment expressing HLA class I heavy and light chains, that overcomes the lack of thymic human T-cell selection through interaction with HLA class I molecules. The reconstitution of human immunity in NSG-HLA-A2/HHD recipients through transplantation of purified human HSCs resulted in extensive development of human T cells including γδ T cells and Th17 cells in vivo. The human CD4+ and CD8+ T cells developing in NSG-HLA-A2/HHD recipients were functional, able to express cytotoxic molecules and generate cytokines in vivo. Most importantly, NSG-HLA-A2/HHD humanized mice demonstrated functional HLA-restricted CTLs in an in vivo Epstein-Barr virus (EBV) infection model.
Results
Transplantation of Purified Human HSCs into NSG-HLA-A2/HHD Newborns. To achieve HLA-restricted human T-cell development in vivo, we created an immunodeficient strain by backcrossing the HLA class I transgene onto the NSG background. We chose the HHD construct designed for the expression of *A0201, one of the most prevalent HLA A genotypes, covalently bound to human β2-microglobulin (b2m), enabling the transgenic expression of both HLA heavy and light chains (12) . The protein level expression of HLA-A2 and b2m on the surface of NSG-HLA-A2/HHD splenocytes was confirmed, whereas NSG splenocytes do not express either HLA-A2 or b2m (Fig. 1A) . In addition, EpCAM+ thymic epithelial cells, responsible for the education and positive selection of thymocytes (13) , expressed the HLA class I molecules in NSG-HLA-A2/HHD mice but not in NSG mice (Fig. 1A) . Next, we examined the development of human immune cells in NSG-HLA-A2/HHD mice through i.v. transplantation of purified Lin −CD34+CD38− HSCs from HLA-A2+ cord blood (CB) ( (Fig. 1B) . To determine the significance of HLA class I expression on in vivo T-cell development, we proceeded to characterize the phenotype and function of human T cells in NSG-HLA-A2/ HHD recipients. In NSG-HLA-A2/HHD recipient BM and spleen, we confirmed 
-F).
We then examined T-cell receptor (TCR)-mediated functional maturation of human T cells developing in NSG-HLA-A2/HHD recipients. At baseline, without stimulation via the TCR, CD8+ human T cells expressed cytotoxic molecules granzyme A, granzyme B, and perforin in their cytoplasm ( Fig. 3 A and B ). Among these, granzyme A was most frequently expressed, reflecting that the majority of human CD8+ T cells are early EM cells. The expression of these cytotoxic molecules is comparable between humanized NSG recipients and humanized NSG-HLA-A2/HHD recipients (Fig. 3B) . Consistent with phenotypic maturation from naïve to memory as determined by the expression of CD45RA and CCR7, human CD45RA−CCR7− EM CTLs expressed higher levels of granzyme A and granzyme B compared with CD45RA+ CCR7+ (naïve) or CD45RA-CCR7+ central memory (CM) CTLs (Fig. 3 C and D) . These human CTLs in the recipient spleen produced IFN-γ after nonspecific TCR stimulation with phorbol 12-myristate 13-acetate (PMA) and ionomycin (18.7 ± 7.5%, n = 11) (Fig. 3E) . Finally, an intracellular cytokine production assay demonstrated that human CD4+ T cells preferentially developed into Th1 cells in both NSG-HLA-A2/HHD and NSG recipients (Fig. 3  E and F) . Although there was considerable individual variability among recipients, Th17+ cells were also detected both in the BM and spleen of NSG-HLA-A2/HHD humanized mice. Taken together, HLA class I-expressing immune microenvironment within NSG-HLA-A2/HHD mice supports the in vivo differentiation of functionally mature human CTLs associated with a wide spectrum of functional human T-cell subsets from the purified human HSCs.
EBV-Associated B-Cell Proliferation Occurs in EBV-Infected NSG-HLA-A2/HHD Humanized Mice. To evaluate whether HLA class I expression in the recipient mouse leads to HLA-restricted, virusspecific human CTL development in vivo, we infected humanized NSG and NSG-HLA-A2/HHD mice with EBV at 4-6 mo posttransplantation. At 4-6 wk postinfection, we examined specific T-cell responses against EBV-infected cells and EBV-derived peptides in recipient tissues. EBV-infected NSG recipients developed disseminated lymphoproliferative disease (LPD) in multiple organs including the liver and kidney (Fig. S2 ). In contrast, in EBV-infected NSG-HLA-A2/HHD mice, lymphoid in filtrates were reproducibly identified in the lung, a preferential site for EBV-related LPD (Fig. 4) (15, 16) . Immunofluorescence studies demonstrated that the majority of infiltrated lymphocytes were human CD19+ B cells. The human B cells in the infiltrative lesions contained intracellular LMP1, consistent with EBVrelated LPD. Within EBV-LPD lesions forming in HLA-A2 HSCengrafted NSG-HLA-A2/HHD mice, CD3+ human T cells were also consistently detected (Fig. 4) . The observation that human T cells localize to EBV-associated lesions in the HLA-matched (A2 + HSCs into A2+ microenvironment) transplantation setting suggests that a functional in vivo HLA-restricted antiviral T-cell response is present in NSG-HLA-A2/HHD recipients.
HLA-A2-Restricted EBV-Specific Human T Cells Develop in EBV-
Infected Humanized NSG-HLA-A2/HHD Mice. Based on the finding that human T cells accumulate within the EBV-LPD lesions in humanized NSG-HLA-A2/HHD recipients, we evaluated the in vivo development of human CTLs recognizing virus-derived peptides in NSG-HLA-A2/HHD humanized mice (Fig. 5) . In all five recipients examined, numbers of CD8+ T cells increased and the CD4:CD8 ratio was inverted at 4-6 wk postinfection (Fig. 5A) . The proportion of effector memory T cells within CD8+ T cells significantly increased postinfection (Fig. 5B) . Elevated HLA-DR expression and increased frequency of HLA-DR+ cells within CD45RO+CD8+ memory T cells as compared with the steadystate CD8+ T cells (Fig. S3) suggest the activated status of human T cells postinfection (Fig. 5 C and D) . To evaluate HLA-restricted and EBV-specific recognition by human T cells in vivo, we next performed the tetramer assay. HLA-restricted anti-BMLF and anti-LMP1 human CTLs were detected specifically in CD45RO+ memory CTL fraction in NSG-HLA-A2/HHD recipients but not in NSG recipients or in uninfected NSG-HLA-A2/HHD recipients ( Fig. 5E and Fig. S4 ). We then enriched human CD8+ T cells from the recipient spleen and performed an enzymelinked immunospot (ELISPOT) assay to measure IFN-γ production by human CTLs recognizing autologous EBV-infected B-lymphoblastoid cell line cells (LCLs) in an HLA-restricted manner. Human CTLs derived from NSG-HLA-A2/HHD recipients, but not those derived from NSG recipients or uninfected NSG-HLA-A2/HHD recipients, produced IFN-γ in the presence of target LCLs (Fig. 5 F and G and Fig. S5 ). The addition of anti-HLA class I antibody specifically inhibited IFN-γ production (Fig. 5 F and G) . Finally, we established human CTL lines from the spleen cells of three humanized NSG-HLA-A2/HHD mice infected with EBV and examined their cytotoxic function (Fig. 6 ). All human CTL lines established from these three humanized NSG-HLA-A2/HHD mice exerted strong cytotoxicity against autologous LCLs and HLA-A2-positive allogeneic LCLs, but not against HLA-A2-negative allogeneic LCLs (Fig. 6A) . Cytotoxicity against HLA-A2-positive LCLs mediated by the human CTLs was significantly inhibited by adding anti-HLA class I framework monoclonal antibody but not anti-HLA-DR antibody (Fig. 6B) . In addition, the human CTLs derived from the humanized NSG-HLA-A2/HHD mice exhibited strong cytotoxicity against HLA-A*0201 genetransduced EBV-expressing C1R (C1R-A*0201) cells but not against HLA-A2-negative C1R cells (Fig. 6C) . These findings clearly indicate that cytotoxicity against LCLs mediated by human CTLs developing in EBV-infected humanized NSG-HLA-A2/HHD mice is EBV-specific and HLA-A2-restricted. Altogether, humanizing the immune microenvironment by the transgenic expression of HLA class I molecules especially in the thymus resulted in the development of HLA-restricted functionally mature human T cells.
Discussion
Studies using mouse models have led to significant advances in understanding the mammalian immune system, motivating many investigators to translate the findings into therapeutic applications in humans. The creation of an in vivo model that allows the development of a full spectrum of functional human T cells including HLA-restricted antigen-specific CTLs greatly facilitates the examination of in vivo human cellular immunity against human diseases such as infection and malignancy. In this study, we report the development of functional human T cells and the establishment of a viral infection model using the HLA class I-expressing NSG-HLA-A2/HHD strain.
The humanization of recipient mouse thymic microenvironment is required for in vivo thymic education and development of HLArestricted human CD8+ T cells (1, 2) . NOD/SCID/BLT system supports functional human T-cell development by meeting this requirement through implantation of fetal thymic and liver tissues into NOD/SCID mice (17) . Although this approach successfully provides human immune microenvironment in recipients, it necessitates the procurement of human fetal tissues. Therefore, we established an immunodeficient mouse strain, NSG-HLA-A2/ HHD, with humanized microenvironment expressing both HLA class I heavy and light chains, by backcrossing HLA class I transgenic mice (12) onto the NSG background to homozygosity. Transplantation of fluorescence-activated cell sorter-purified human HSCs assured that the human T cells detected were those that developed within the recipients and not mature human T cells introduced unintentionally.
The development of human T cells in mice using adult NOG, NOD/SCID/BLT, Rag2
, and NSG repopulating assays has been reported to date (5, 7, 8, 11, 17, 18) . In these studies, CD4 SP and CD8 SP human T cells were observed in the recipient secondary lymphoid organs. In the NSG-HLA-A2/HHD humanized mouse, we demonstrated the presence of human TCR+ T cells among the more predominant TCR+ CD4 SP and CD8 SP human T cells. Through further detailed analyses, we identified CD8 SP TCR+ and DN TCR+ T cells, each at a frequency similar to healthy human subjects (14) . Various reports suggest the important role of TCR+ T cells for immune surveillance in virus infection and cancer (19) . The humanized mouse may be an ideal system for examining in vivo functional biology of human TCR+ T cells, including investigation into distinct roles of each TCR+ T cell subset and preclinical testing of cellular therapy against malignancies.
We also detected human T cells at various stages of differentiation, as documented by the expression of cell surface molecules including CD45RA, CD45RO, and CCR7. This phenotypic transition from naïve to central memory to effector memory T cells was accompanied by functional transition, as evidenced by increasing intracellular granzyme A expression in human CD8+ T cells (20) . Although the frequency of EM CTLs in the humanized recipients at baseline is higher than that in normal human peripheral blood (PB), the recipients did not exhibit any signs (weight loss, diarrhea, alopecia) or pathological findings (infiltration of activated human lymphocytes in liver, skin, or intestine) compatible with graft-versus-host disease.
Th17 cells seem to play key roles in normal and pathological immune responses, reportedly responsible for host protection against extracellular pathogens and for induction and maintenance of chronic inflammatory diseases (21) . However, several crucial differences between murine and human Th17 cell function have been reported (22) . Human Th17 cells were consistently detected in humanized mice and will enable direct investigation into the function of human Th17 cells in vivo. In addition, we detected CD4+ T cells producing IL-22 in NSG-HLA-A2/HHD humanized mice. The IL-22-producing human CD4+ cells were reported to play crucial roles in normal and pathological cutaneous immunity (23) . In vivo development of Th17-and IL-22-producing human helper T-cell subsets in humanized mice suggests that this model is useful in investigating as yet uncharacterized roles of novel and rare T-cell subsets in human physiology and pathophysiology in vivo.
EBV is a γ herpes virus that causes a variety of human diseases including infectious mononucleosis, Burkitt lymphoma, Hodgkin's disease, and posttransplant LPD (24) . In immune-competent individuals, EBV-infected B cells and antigen presenting cells cross-present virus-associated peptides to CTLs, suppressing EBV-associated oncogenic events and leading to latency (25) . To demonstrate the significance of HLA class I expression within the mouse microenvironment on antigen recognition by human CD8+ T cells in vivo, we infected humanized NSG and NSG-HLA-A2/HHD mice with EBV. At 4-6 wk after infection, the expansion of an EM CTL subset was observed with a concurrent increase in HLA-DR expression, indicating the activation of human T cells in response to EBV infection in vivo. The severity of EBV infection as evidenced by lymphocyte infiltration and LPD development in various organs was distinct between NSG-HLA-A2/HHD and NSG humanized mice. The differences may be accounted for by the HLA-restricted EBV-specific recognition and cytotoxicity against EBV-infected cells by human CTLs developing in EBV-infected NSG-HLA-A2/HHD humanized mice. Although long-term observation is required to clarify the role of human CTLs in immune surveillance, distinct lesions were found between EBV-infected NSG and NSG-HLA-A2/ HHD recipients in our study. Our study supports a recent report by Münz and colleagues (26) showing that human fetal liver CD34+ cells generate HLA-restricted, cytokine-producing CTLs against EBV-associated peptides at a higher frequency in HLAexpressing humanized recipients compared with humanized recipients without HLA expression. Jaiswal et al. (27) reported using the NSG-HLA-A2/HHD strain in detecting cytokineproducing human T cells in a model of Dengue virus infection. We demonstrate here dose-dependent cytotoxic function against autologous and HLA-matched allogeneic virus-infected cells by human CTLs developing in NSG-HLA-A2/HHD mice homozygously expressing both heavy and light chains of HLA class I molecules. However, the lack of HLA class II molecules in the NSG-HLA-A2/HHD mouse likely results in less than optimal Tcell help, contributing to inefficient production of antigen-specific IgG. The coexpression of both HLA class I and class II molecules on recipient thymic epithelial cells would enable the evaluation of T-helper function and antigen production in the next generation of humanized mice.
The newborn NSG-HLA-A2/HHD xenotransplantation system will open the possibility for a wide range of biomedical applications by enabling the investigation of not only normal human immunohematopoietic development but also human disease pathogenesis. By allowing in vivo HLA-restricted human immune responses, the NSG-HLA-A2/HHD humanized mouse model may facilitate in vivo examination of human immune responses against pathogens and malignant cells as well as preclinical testing for vaccines against infectious diseases and cancer. Tg (HLA-A2/ H2-D/B2M) 1Dvs/Sz (NSG-HLA-A2/HHD) mice were generated by backcrossing the (HLA-A/H2-D/B2M) transgene (12) from the NOD/ShiLtDvs-Tg(HLA-A/H2-D/B2M)1Dvs/J strain (28) onto the NSG background. Mice were bred and maintained under defined flora with irradiated food and acidified water at the animal facility of RIKEN and at The Jackson Laboratory according to guidelines established by the Institutional Animal Committee at each institution.
Purification of Human HSCs and Xenogeneic Transplantation. All experiments were performed with authorization from the Institutional Review Board for Human Research at RIKEN Research Center for Allergy and Immunology. HLA-A2+ CB samples were enriched for hCD34+ cells by using anti-hCD34 microbeads (Miltenyi Biotec) and sorted for 7AAD-lineage (hCD3/hCD4/ hCD8/hCD19/hCD56)-CD34+CD38− HSCs. The purity of HSCs was higher than 98% after sorting (Fig. S1 ). Newborn (within 2 d of birth) recipients received 150 cGy total body irradiation using a 137 Cs-source irradiator, followed by i.v. injection of sorted HSCs via the facial vein.
Cell Preparation, Flow Cytometry, and Histological Analysis. For a full description of procedures and reagents used for cell preparation, flow cytometry, and histological analysis, see SI Methods.
EBV Infection. Humanized mice were inoculated at 12-20 wk of age by i.p. injection of 500 μL B95-8 supernatant, containing 0.45 log10 (TCD50/mL) of EBV (29) . EBV-infected recipients were analyzed at 4-6 wk after injection.
Tetramer Assay, Generation of B-Lymphoblastoid Cell Lines, and IFN-γ ELISPOT Assay. For a full description of procedures and reagents used for tetramer assay, LCL generation, and ELISPOT assay, see SI Methods.
Statistical Analysis. The numerical data are presented as means ± SEM unless otherwise noted. Where noted, two-tailed t tests were performed and differences with the P < 0.05 were deemed statistically significant (GraphPad Prism; GraphPad).
